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Static contact angle hysteresis (CAH) is widely attributed to surface roughness and chemical
contamination. In the latter case, chemical defects create free-energy barriers that prevent the
contact line motion. Electrowetting studies have demonstrated the similar ability of electric fields
to alter the surface free-energy landscape. Yet, the increase of apparent static CAH by electric
fields remains unseen. Here, we report the observation and theoretical analysis of electrowetting
hysteresis. This phenomenon enables the continuous and dynamic control of CAH, not only for
fundamental studies but also to manufacture sticky-on-demand surfaces for sample collection.
On most surfaces, the liquid-solid contact angle θ can
adopt a range of values before the contact line starts mov-
ing [1–3]. This static contact angle hysteresis (CAH, the
difference between the advancing and receding contact
angles) is mainly attributed to surface roughness [4, 5]
and chemical heterogeneities [6, 7]. Despite its major im-
plications [2], CAH remains highly challenging to study
experimentally because it is a macroscopic phenomenon
excessively sensitive to nanometer-scale defects. Hence,
experimental surfaces need to be prepared with the great-
est care and quantitative well-controlled experiments are
scarce [7, 8]. In most cases, patches of a selected con-
taminant are carefully deposited on an ultra-clean pol-
ished surface. There is a widespread consensus that the
contaminant creates free-energy barriers that prevent the
contact line motion [1, 9]. This modification of the free-
energy landscape is well described by the Gibbs isotherm
∂γ0
∂µi
= −Γi, with Γi the surface coverage of a contaminant
i, µi its chemical potential, and γ0 the local surface ten-
sion. Hence, once the composition of the surface is set,
the surface energy landscape is not allowed to vary any-
more, which makes CAH experiments extremely work-
intensive.
Over the last two decades, electrowetting has emerged
as a convenient way to control the apparent contact angle
of liquid droplets by adjusting the effective liquid-solid
interfacial tension using electric fields [10–19]:
While electrowetting was originally explained by Lipp-
mann on thermodynamic grounds [20], Jones [21] and
Buehrle et al.[22] have clarified that the liquid-solid in-
terfacial tension and the contact angle are not affected
by the electric fields [23], but that the interface pro-
file is gradually evolving from the intrinsic Young-Dupre´
contact angle to the apparent Young-Lippmann contact
angle [24]. This transition length depends on the elec-
trowetting setup but is generally negligible compared to
the droplet size as it most often occurs within 1 µm from
the contact line.
Outside this transition region, the thermodynamic
identity derived by Lippmann is recovered by posing the
effective interfacial tension γ = ∂F∂A as the generalized
free energy per unit solid-liquid surface area A [25]. The
generalized free-energy F = E−QΦ−∑i µini offsets the
Helmholtz free-energy E so that it is minimized at ther-
modynamic equilibrium under fixed electric potential Φ
and chemical potential, regardless of the amount ni of
species i and of the electric charge Q. Using Maxwell
identities on F yields the celebrated Lippmann equation
(additional discussion and derivation available in SI):
∂γ
∂Φ
= −σ, (1)
with σ the areal surface charge. The striking analogy
between Eqn. 1 and the Gibbs isotherm suggests that
surface charges and electric fields may also influence the
CAH on a scale larger than the electrowetting transi-
tion region. Such electrical control of CAH may open
exciting strategies for liquid collection and release by re-
versibly switching the surface between sticky and non-
sticky states, respectively. More broadly, it might en-
able quantitative CAH studies that (i) do not rely on
defects and (ii) investigate a continuous range of advanc-
ing and receding conditions. To the best of knowledge,
this electrically-induced CAH has never been observed.
Moreover, most studies in electrowetting phenomena re-
port either no effect [26–28] or even a reduction [29, 30]
of CAH due to the application of an electric voltage.
These confusing observations are mainly due to three
reasons. First, instead of the static CAH [1–3] observed
at mechanical equilibrium, most electrowetting studies
are concerned with moving droplets and therefore fo-
cus on the more complex dynamic CAH, which involves
viscous and inertial forces that may affect the hystere-
sis [26, 29]. Second, by analogy with chemical hetero-
geneities and surface roughness, the electrical control of
CAH should require inhomogeneous electric fields, which
were used only in a handful of reports [27, 31]. We note
that homogeneous electric fields can increase the droplet
friction by expanding the three-phase contact perimeter
[32] or may also alter the CAH by triggering a wetting
state transition [33], but the CAH in each state is then
controlled by the surface roughness and not by the elec-
tric field. Third, the definition of hysteresis differs be-
tween electrowetting and the usual wetting phenomena
due to chemical heterogeneities and surface roughness.
Indeed, the CAH is obtained by recording the onset of
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2contact line motion, which can be achieved in two ways
in electrowetting studies: (i) by hydrostatic stress (such
as inclining the plane or pumping the liquid) or (ii) by
electrocapillary stress [2, 27, 31]. Since the latter has
no direct analog in the chemical and roughness-induced
hysteresis, it does not allow to conclude on the ability of
electric fields to modify the CAH. Hence, the conditions
to observe the variation of CAH due to an electric field
have not yet been fulfilled.
Here, we demonstrate the direct analogy of static CAH
by applying an inhomogeneous electric field while pump-
ing liquid in the droplet. A thermodynamic model is
derived to describe the evolution of advancing and reced-
ing apparent contact angles. Similarly to earlier works on
CAH [6, 9, 36], our model overlooks the finest details of
the contact line structure such as the precursor wetting
film [37], Van der Waals force [38] and Lorentz force act-
ing at the interface [22]. Despite these simplifications, it
captures well the key features of the experimental obser-
vations, including a quadratic dependence on the actua-
tion voltage and an unexpected influence of the droplet
contact line radius.
The experimental setup [39], shown in Fig. 1, is similar
to the dielectrowetting chip used previously by McHale
et al. [27]. A periodic array of indium-tin-oxide (ITO)
interdigitated electrodes (IDEs, 50 µm finger width and
spacing, 130 nm thick) ensures the generation of an inho-
mogeneous electric field, which is fundamental to observe
a CAH. This field is reminscent of the stripes used in sev-
eral studies of CAH (see [40] and references therein). A
dielectric cyanoethyl pullulan layer (408 nm thick) insu-
lates the liquid from the electrodes [41] so that the whole
droplet behaves like an ideal conductor (dielectric relax-
ation time τe = l/σl ' 1.3 × 10−4 s, with l ' 800
and 0 = 8.85 × 10−12 F/m the dielectric permittivity
of water and vacuum respectively, and σl ≤ 5.6 × 10−6
S/m the conductivity of deionized water). Since elec-
trowetting can only reduce the contact angle, a thin hy-
drophobic polytetrafluoroethylene (PTFE) layer (60 nm
thick) is coated on the dielectric layer to maximize the
operating range. A steel tubing is used to replenish or
extract liquid during CAH measurements. The tubing is
not electrically connected.
For a given voltage, a 40 µL droplet is deposited on
the chip and spreads by electrowetting until it reaches
a stable shape. Then, the droplet volume is slowly var-
ied by pumping liquid via the tubing. The relatively low
flow rate Ql = 0.1 µL/s ensures (i) that the droplet be-
haves as an ideal conductor (the characteristic pumping
time τp = Vl/Ql ' 400 s  τe with Vl the droplet vol-
ume) and (ii) that the droplet shape is always near me-
chanical equilibrium (τcap =
√
ρlVl
σ ' 23 ms  τp with
τcap the mechanical relaxation time, ρl ' 1000 kg/m3
and σ ' 72.8 × 10−3 the density and surface tension
of water in air) and dynamic CAH can be neglected.
Due to the CAH, the contact line remains trapped dur-
ing the pumping cycles until the deformation overcomes
the static CAH. Hence, advancing and receding contact
line radii are the same for a constant voltage. Side view
images of the droplet are captured to measure contact
angles with a goniometer (DSA30, KRU¨SS, Germany).
After each acquisition, the surface is cleaned, and the
experiment is repeated with a different voltage.
The measured apparent contact angles for U0 ranging
from -100 to +100 VDC are reported in Fig. 2. In agree-
ment with the celebrated Lippmann-Young equation and
other electrowetting experiments [11, 13, 42], the con-
tact angle decreases with the voltage until |U0| reaches
approximately 50 VDC, above which electrowetting sat-
uration occurs. Given the controversy surrounding the
origins of electrowetting saturation [43–47], we prefer to
restrict this study to the low-voltage region (|U0| < 50
VDC).
The static CAH deduced from Fig. 2 is shown in Fig. 3.
Unlike other studies [26–30], we observe an increase of
CAH (from 3.1o to 7.5o) as |U0| increases from 0 to 50
VDC. At this point, the CAH features a marked dip
before growing far into the saturation regime. The ex-
act reasons for this dip are not yet known but its collo-
cation with the electrowetting saturation suggests that
both phenomena might be linked.
In the following, we model the static CAH below sat-
uration regime as a function of the actuation voltage
within the framework developed by Johnson and Dettre
[6]. The apparent contact angle is obtained by finding
the apparent contact line radius R that minimizes the
generalized free energy F = Fsl + Flg + Fsg of the sys-
tem, with Fsl, Flg, and Fsg the generalized free energies
of the solid-liquid, liquid-gas, and solid-gas interfaces,
respectively. The elementary displacement ∂R is taken
much smaller than the IDE width [40] but much larger
than the transition region (approximately the combined
thickness of the hydrophobic and dielectric layers, that is
0.5 µm) so that variations of generalized free energy at
the contact line are negligible compared to the variations
of solid-liquid free energy. Assuming that hysteresis is
weak enough so that the droplet remains circular at all
times, which was verified for two orthogonal directions
(data available in SI), geometrical construction yields
∂Flg/∂R = 2piRγlg cos θ and ∂Fsg/∂R = −2piRγsg, with
γlg and γsg the liquid-gas and solid-gas interfacial ten-
sions, respectively [49]. The derivation of ∂Fsl/∂R,
which differs from the classical Young-Dupre´ equation
[49], is our main concern.
By definition, Fsl = CL + C +
∫ R
0
∫ pi
−pi γslrdrdϕ with
CL the free energy in the transition region, C a constant,
γsl the solid-liquid effective interfacial tension, and ϕ and
r the angular and radial coordinates, respectively (see
Fig. 1). Because the transition region is much smaller
than the elementary volume that we are studying, CL is
3FIG. 1. Experimental setup. (a) Side view. The liquid is replenished or extracted via a steel tubing. The indium tin oxide (ITO)
interdigitated electrodes (IDE) are isolated from the liquid by a dielectric layer of cyanoethyl pullulan (CEP) and a hydrophobic
layer of Teflon, and connected to a DC supply U0. Side-view images were captured and analyzed using a goniometer. (b) Left:
Voltage across the solid-liquid interface in x direction. Due to the large aspect ratio of the IDEs, the electric potential is well
approximated by a square-wave function [34, 35] with p the finger width and spacing. Right: Top view. The contact line radius
of the droplet is denoted by R. In these polar coordinates, the origin O is located at the center of the circular contact area
(dashed circle), with ϕ and r the angular and radial coordinates, respectively.
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FIG. 2. Effect of the electric voltage on apparent contact an-
gles. The experimental observations agree well with the model
(Eqn. 9c and Eqn. 9b) in the low-saturation region (|U0| < 50
VDC). Each experimental dot was averaged over 5 tests and
error bars are not presented for the readability. Inset: Con-
tact line radius R versus contact angle for 40 µL droplets used
in our experiments. It is determined by numerically solving
the differential Young-Laplace equation [48].
much smaller than Fsl. Elementary calculus yields:
∂Fsl
∂R
= R
pi∫
−pi
γsldϕ. (2)
We evaluate γsl by assuming that the electric field varies
continuously at the microscale, and can thus be locally
integrated from Eqn. 1:
γsl = bγsl0e −
C
2
U2, (3)
with U and C the effective voltage across the solid-
liquid interface and the areal capacitance between the
electrodes and the liquid (this parameter is determined
experimentally in SI). bγsl0e is the intrinsic interfacial
tension, that is γsl in the absence of electric field. The
be notation indicates that, due to chemical impurities
[1], bγsl0e is susceptible to vary between a lower and up-
per bound given by bγsl0c and dγsl0e respectively. Ac-
cording to Young-Dupre´ equation [2], the advancing con-
tact angle θA0 and receding contact angle θR0 at zero-
voltage satisfy cos θA0 = (γsg−dγsl0e)/γlg and cos θR0 =
(γsg − bγsl0c)/γlg, respectively.
For a regular array of IDEs as shown in Fig. 1(b), the
effective voltage U is half of the externally applied voltage
U0 (see SI for the full derivation):
U2 =
(
U0
2
)2
Π(kx), (4)
where Π is the square-wave function denoting the distri-
bution of the electric potential energy (1 above the elec-
trodes and 0 elsewhere, similar to the hysteresis-prone
mesa-type landscape of Joanny and De Gennes [36]) and
k denotes the wavenumber pi/p with p the finger width
and also the spacing (see Fig. 1) [34, 35]. Integration of
Eqn. 2 is simpler when Π is expressed as a Fourier series:
Π =
1
2
+
∞∑
n=0
2(−1)n
(2n+ 1)pi
cos[(2n+ 1)kr cosϕ]. (5)
Substituting Eqn. 3, 4, and 5 in Eqn. 2 and using
the identity
∫ pi
−pi cos(τ cosϕ)dϕ = 2piJ0(τ) with J0 the
40-order Bessel function, we get:
∂Fsl
∂R
= 2piR {bγsl0e − γL − γH} , (6a)
γL =
CU20
16
, (6b)
γH =
CU20
8
∞∑
n=0
2(−1)n
(2n+ 1)pi
J0[(2n+ 1)kR]. (6c)
It contains three terms: the intrinsic interfacial tension
bγsl0e, the average decrease in effective interfacial tension
γL (see [31] for IDEs), and an oscillating term γH that
results in an effective hysteresis effect but did not appear
in previous studies. For uniform potential distributions
(k → 0), Eqn. 6a reduces to the standard Lippmann-
Young equation. In the current experiments, R  p, so
J0(τ) '
√
2
piτ cos(τ − pi4 ), which simplifies Eqn. 6c to
γH ≈ CU
2
0
8
√
pikR
∞∑
n=0
2
√
2(−1)n
pi(2n+ 1)3/2
cos
[
(2n+ 1)kR− pi
4
]
.
(7)
In the SI, we postulate that the upper and lower bounds
of γH read:
−BCU
2
0
16
√
p
R
< γH < B
CU20
16
√
p
R
, (8)
with B = 4−
√
2
pi2 ζ
(
3
2
) ≈ 0.684 and ζ the Riemann zeta
function. Interestingly, Eqn. 8 indicates the dependence
of static CAH on
√
p
R .
Finally, substituting Eqn. 8 in Eqn. 6a and minimizing
the generalized free energy F yields:
cos θA < cos θ < cos θR (9a)
cos θA = cos θA0 +
CU20
16γlg
−B CU
2
0
16γlg
√
p
R
(9b)
cos θR = cos θR0 +
CU20
16γlg
+B
CU20
16γlg
√
p
R
(9c)
The upper and lower bounds of the contact angle in
Eqn. 9a correspond to the receding apparent contact an-
gle θR and the advancing apparent contact angle θA, re-
spectively.
Subtracting Eqn. 9b and Eqn. 9c, and assuming that
the CAH remains small yield:
δ cos θR − δ cos θA = BCU
2
0
8γlg
√
p
R
(10a)
θA − θR = dγsl0e − bγsl0c
γlg sin θE
+
BCU20
8γlg sin θE
√
p
R
(10b)
with δ cos θi = cos θi − cos θi(U = 0) for i = R or A, and
θE = (θA + θR)/2. Eqn. 10a provides an energetic view-
point that singles out the electrical effect on the effective
contact angle hysteresis, while Eqn. 10b is a convenient
FIG. 3. Contact angle hysteresis measured at 0 and 40 V
with electrode pitches ranging from 50 to 200 µm and droplet
volumes ranging from 10 to 50 µ L. Droplets of larger volumes
show smaller hysteresis. The value of R was estimated by
solving the Laplace-Young equation. Each experimental dot
was averaged over 5 tests. The model was obtained by taking
C = 0.350 mF/m2, γlg = 71.97 mN/m, θA0 = 123.8
o, and
θR0 = 120.7
o.
expression for experimental purposes. The first term in
Eqn. 10b describes the hysteresis due to surface defects,
while the second represents the electrowetting hysteresis.
We note that 1/ sin(θE) is a decreasing function of the
actuation voltage on the studied interval (0 to 40 V) and
therefore cannot be responsible for the observed increase
in CAH (the contribution of both terms is shown in SI).
The predictions of Eqn. 9 are compared to experimen-
tal results in Fig. 2. The areal capacitance C ' 0.350
mF/m2 (see SI) and the advancing and receding contact
angles in the absence of electric field θA0 ' 123.8o and
θR0 ' 120.7o are determined by fitting the experimental
data. The droplet contact line radius, required in Eqn. 9,
is estimated by solving numerically the Young-Laplace
equation (see SI). Similarly to previous electrowetting on
dielectric (EWOD) studies [11, 13, 42], theory and ex-
periments agree well within the non-saturated region.
Next Eqn. 10b is compared to experimental data in
Fig. 3. For the sake of clarity, the comparison is limited
to 0 and 40 V for droplet volumes ranging from 10 to 50
µL and electrode pitches from 50 to 200 µm (comparison
over a broader range of voltages is available in SI). These
experiments were carried out immediately after manufac-
turing the substrates, resulting in a very low CAH (3.1
o) in the absence of electric voltage. Regardless of the
electrode pitch, the apparent CAH under 40 V is 3 to 6
times larger than the intrinsic CAH. In good agreement
with Eqn. 10b, the apparent CAH scales as
√
p/R for all
the droplet volumes and electrode pitches. Although this
5scaling may seem at odds with well-established theories
of CAH based on the Cassie-Baxter framework [40], it is
a direct consequence of the assumption of weak contact
angle hysteresis yielding a circular droplet. As the CAH
becomes larger, the droplet contact line should become
trapped over the electrodes [27, 40] and follow the better
studied regime of contact line motion over strong defects.
Using fractal electrodes or electrodes with a broad range
of feature sizes would likely yield a more size-independent
contact-angle hysteresis. The solid line in Fig. 3 shows
the model prediction at 40 V, and confirms the prefactor
BCU20
8γlg sin θE
. The model begins to underestimates the ex-
perimental data at large electrode pitch (
√
p/R ' 0.25),
after which the droplet starts to lose its circular shape
[27, 50] (experimental data for the comparison between
contact radii observed in two directions are shown SI).
In summary, we report the experimental control of
static apparent CAH by an inhomogeneous electric field,
in formal analogy with chemical defects. We derive a
thermodynamic model to interpret these observations for
small CAH. This regime allows considering a droplet cir-
cular at all times, and predicts that the CAH depends
on the electrode (defect) pitch, which differs from usual
CAH studies involving stronger defects. It is also in-
ferred that the CAH grows quadratically with the ac-
tuation voltage. These predictions are confirmed against
experimental data, even though the model slightly under-
estimates the experimental hysteresis at large electrode
pitch. This study enables the continuous variation of
CAH for fundamental studies, and also provides a feasi-
ble approach for on-demand and flexible programming of
the CAH.
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